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The dynamic and non-dynamic interactions between a gravity-type quay wall and a backﬁll ground were investigated by centrifuge
model testing, considering cases in which a rigidly cement-stabilised ground existed at varying distances from the quay wall. In
conducting the centrifuge tests, the performance of the instrumentation applied to measure the pressure from granular soils was critically
assessed. At non-dynamic states, the backﬁll conﬁned between the quay wall and the rigidly stabilised soil block exerted smaller earth
pressure at deeper locations, at both apparently active and transient states. The calculation, based on perfect plasticity and considering
friction arching, was useful in explaining these results. A similar feature was also observed during the steady-state oscillations, in the
case of dry sand backﬁll, and was associated with the system’s increased seismic stability. In underwater cases, the pore water
ﬂuctuations in the backﬁll dominated the total earth pressure behaviour, with the active pressure being smaller again from a conﬁned ﬁll
than from a fully extending one. Despite the reduced active pressure, placing the stabilised soil in the proximity of the quay wall
increased the wall’s permanent seaward movement, unless the two bodies were in direct contact. This ostensible association of smaller
active pressure with greater instability in the underwater cases cannot be explained by the conventional, simpliﬁed conception of the
active earth pressure as a unilateral cause of instability. The evaluation of such unconventional backﬁll conditions seems to require
rigorous consideration of the simultaneous soil–water-structure interactions.
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The seismic stability of existing retaining structures and
retained grounds may be secured by geotechnical, structural
or hybrid retroﬁtting. The latter two involve, for example,
sheet-piles, anchors and geosynthetics. For existing gravity-
type quay walls, however, the scope of structural approaches
is limited due to difﬁculties in underwater execution and
often unsuitable waterfront geotechnical conditions. The
mainstream solution employed in Japan has been to improve
the backﬁll by in situ stabilisation techniques, including
compaction, cement deep mixing and grouting, as illustrated
in Fig. 1. However, quay walls are frequently installed with
coarse boulder materials in their vicinity, as part of the
Fig. 1. Stabilisation of backﬁll by deep mixing and grouting. (a) By deep
mixing and (b) by deep mixing and grouting.
S. Nishimura et al. / Soils and Foundations 52 (2012) 81–9882backﬁll, aiming to exploit their high shear resistance and
large permeability that minimises the residual water level
behind the wall. The boulder, typically comprising crushed
rock whose pieces individually measure up to a metre, is
difﬁcult to stabilise with common deep mixing machinery,
and thus, it is often left unstabilised (Fig. 1(a)). While
stabilisation techniques that can be applied to boulder ﬁlls
are being developed (Fig. 1(b)), it is not clear how much the
system’s integrity is compromised by leaving an uncemented
ﬁll behind a quay wall.
The focus of most existing studies on the dynamic stability
of gravity-type quay walls has been on sand backﬁll liquefac-
tion (e.g., Iai et al., 1998; Ghalandarzadeh et al., 1998;
Kohama et al., 1998; Dakoulas and Gazetas, 2008). A recent
study by Kasama et al. (2010) also evaluated the effects of
backﬁll stabilisation in the context of liquefaction. In contrast
to these studies, the present study envisages cases in which a
backﬁll is originally placed with suitable gradation and
compaction, which preclude the occurrence of full-scale
liquefaction, but is still subject to instability due to strong
motions. As Kohama et al. (1998) suggested, the ways in
which a quay wall and backﬁll interact are fundamentally
different when liquefaction does or does not occur. The recent
trend in the upward revision of the design seismic intensity
and increasing instances of densiﬁed backﬁll by sand compac-
tion pile methods, etc., are major motives for assessing the
stability of quay walls in the latter scenario. Some existing
quay walls in the Kanto region of Japan have been identiﬁed
as cases for which the above issue needs to be examined.
Currently, few studies seem to exist which could help us
understand the interactions between a gravity-type quay
wall and cemented backﬁll, with or without an uncemented
coarse ﬁll left in between. By some simpliﬁcation, theproblem may be modelled as soil conﬁned between two
rigid walls. The earth pressure under this condition has
been studied, both experimentally (e.g., Frydman and
Keissar, 1987; Take and Valsangkar, 2001) and theoreti-
cally (e.g., Janssen, 1895; Sokolovski, 1960; Aubertin et al.,
2003; Li et al., 2005), considering ‘non-dynamic’ cases
(meaning ‘static’ cases, but the term ‘static’ is reserved for
describing K0 conditions in this paper to avoid confusion).
Following these studies, Nishimura (submitted) adopted a
kinematic approach to a limit analysis and calculated the
active earth pressure under pseudo-static horizontal accel-
eration in the above problem. It remains to be established,
however, how representative the pseudo-static approach is
of the real, interacting soil-structure systems, particularly
in underwater structures where intra-cycle pore water
pressure ﬂuctuations may signiﬁcantly affect the total earth
pressure. The grain size is also considered to play a part in
narrowly conﬁned backﬁll.
An investigation into these issues requires the capability
of accurately measuring the earth pressure exerted on a
quay wall under both dynamic and non-dynamic conditions.
While there have been many physical model studies reporting
underwater dynamic earth pressure (e.g., Kazama and
Inatomi, 1990; Kazama et al., 1994; Fujiwara et al., 1998;
Kamon et al., 1998; Kohama et al., 1998; Sato et al., 1998;
Kim et al., 2005; Lee, 2005), critical examinations of the earth
pressure measuring capabilities have rarely been reported.
The present study made particular efforts to obtain under-
water earth pressure records which can be satisfactorily
reliable even with coarse backﬁll materials.
This paper presents the results and interpretations of
dynamic centrifuge tests addressing the above issues, looking
into how the overall stability of a quay wall system is
inﬂuenced by backﬁll conditions via friction arching, changes
in the quay wall–backﬁll oscillation phase differences, intra-
cycle pore water pressure development, etc.2. Experimental set-up
2.1. Backfill materials
Crushed rock and Soma sand #5 were used to prepare
the ground models. The crushed rock was sieved to have
grain sizes between 4.75 and 9.5 mm. In the 50 G centri-
fuge tests, these values correspond to prototype sizes of
237.5 and 475 mm, respectively, representing the coarse,
granular features of real boulder backﬁll and the founda-
tion mounds underneath quay walls. Soma sand is a quartz
sand and, designated as #5, had a D50 of 0.35 mm with a
coefﬁcient of uniformity D60/D10=1.5. The results of
consolidated drained triaxial compression tests on the
two materials are shown in Fig. 2, with the derived values
of the effective internal friction angles, f0. Their stiffness
and its dependence on the mean effective stress, p0, derived
from seismic wave velocity record and high-precision local
displacement data, are shown in Fig. 3.
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Fig. 2. Deformation characteristics and strength of geomaterials used in centrifuge tests: results from isotropically consolidated drained triaxial
compression tests (sc00: consolidation stress). (a) Soma sand #5 and (b) crushed rock.
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Fig. 3. Small-strain shear modulus of geomaterials used in centrifuge tests
under isotropic stress with ﬁtting equations.
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measuring capability
The model quay wall used in the centrifuge tests had a
vertical array of four two-way load cells on the back, as
illustrated in Fig. 4. The model had dimensions of
180 mm 120 mm 195 mm, and the whole body, includ-
ing the load cells, was manufactured of anodised alumi-
nium. Aluminium was selected to enable the adjustment of
the overall underwater unit weight to a value compatible to
that of typical caisson quay walls (21.4 kN/m3 in this
study). The 0.5-mm gaps between the load platens were
loosely sealed with latex, leaving slits of less than 0.1 mm,
to prevent water pressure propagation through them
during shaking (0.5 s duration), while simultaneouslykeeping the inter-platen mechanical interference negligible.
The pore water pressure difference across the platens was
dissipated between each shaking step by waiting. Dummy
cells were deployed behind the front face such that the
overall centre of gravity coincided with the geometrical
centre.
For the two-way load cells, a design similar to Tani’s
(1986) and Watanabe et al.’s, (2003) was adopted and
miniaturised. In designing the capacity and dimensions,
ﬁrst priority was given to securing sufﬁcient cell stiffness,
even at the expense of resolution. Many published studies
on pressure cells (e.g., Clayton and Bica, 1993; Take and
Valsangkar, 2001; Miura et al., 2003; Zhu et al., 2009)
suggest that the diaphragm stiffness is the key factor in
alleviating soil arching and ‘‘cell actions’’, and hence, non-
linearity and hysteresis in the measured soil pressure. The
deformation in the quay wall model involves compression
of the load cells (DLC) and cantilever-mode deﬂection of
the load platens (DLP), as illustrated in Fig. 4. The current
design permits a combined displacement DLCþDLP, max of
only 0.011 mm against a uniform pressure of 100 kPa, as
calculated from the elastic beam theory.
In addition to the conventional calibration of individual
load cells, using dead weights, calibration under centrifuge
was conducted to evaluate the actual performance of the load
cell systems in measuring the soil pressure. Following the
method by Frydman and Keissar (1987) and Take and
Valsangkar (2001), the quay wall model was placed with
the load platens directed upwards, overlain by 100 mm of
geomaterials to be used in the tests, prepared at a speciﬁed
unit weight. As centrifugal acceleration was applied, the
registered loads were compared with the theoretical over-
burden pressure. A similar calibration was conducted for
miniature pressure cells with different sensors (strain gauge
and semiconductor), diaphragm diameters and capacities.
Fig. 4. Quay wall model with two-way load cells.
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Fig. 5. Comparison of soil pressure measurements against theoretical values in calibration. (a) Miniature pressure cells (in Soma sand, Dr¼50%) and
(b) load cell.
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degrees of non-linearity and hysteresis, which have been
reported in previous studies (e.g., Clayton and Bica, 1993;
Take and Valsangkar, 2001; Miura et al., 2003; Zhu et al.,
2009). The conventional, small-diameter cell (f6.5 mm), with
a strain-gauge, presented the most severe problems. However,
the slightly larger cells (f10 mm), with a highly sensitive
semiconductor element, particularly that of higher capacity,
were largely free from both non-linearity and hysteresis.
The load cell performance is evaluated similarly in
Fig. 5(b). For the ﬁrst loadings, the error is negligible up
to the load of approximately 200 N; then it develops a 9%
underestimation at 400 N. The range beyond 200 N is only
engaged during dynamic loading, and such a magnitude of
error in dynamic tests may be tolerable. Interestingly, no
signiﬁcant effect on measurement, due to grain size or
stiffness (see Fig. 3), is seen between the sand and the
crushed rock. Although modest hysteresis was observed,
the loops are still smaller than those commonly observed in
the conventional strain gauge-type pressure cells. In the case
of the crushed rock, for example, the maximum deviation ofthe measured value from the theoretical line is 32 N or
7.5 kPa for the unloading from 400 N or 94.1 kPa. The ratio
thus deﬁned is 8%, while it is 17% for the 500-kPa strain
gauge-type cell. Further improvements in the quay wall
design are conceivable, for example, by reinforcing the load
platens with horizontal ribs to reduce DLP. For this study,
however, the observed accuracy and linearity are considered
satisfactory, if not perfect, for both the sand and the crushed
rock. In some of the tests, the semiconductor-type miniature
cells were used in the sand for complementary purposes.2.3. Calculation of earth pressure and shear stress
Conversion of the measured loads into earth pressure
and shear stress requires the correction of the inertia force
and the water pressure that work on the load platens. The
following equations were used to obtain the total normal
stress, sh;i, and the shear stress, thv;i, averaged over the i-th
load platen’s surface, as illustrated in Fig. 6:
sh;i ¼ ðFh;iMiah;iÞ=Aiþuci;i ð1Þ
Fig. 6. Forces and pressures working on quay wall model’s i-th load platen.
Fig. 7. Vertical and plan views of ground models: Series A (Prototype scale in (m): stabilised lattice had 1.5 m thickness, embracing 4 m 3.5 m and
4 m 1.75 m sand blocks). (a) Case A-NI (B/H¼N, control case), (b) Case A-IF1 (B/H¼0.83), (c) Case A-IF2 (B/H¼0.17), (d) Case A-IF3 (B/H¼0),
(e) Case A-NBF and (f) Plan view example: Case A-IF2.
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where Fh,i and Fhv,i are the recorded normal and shear
forces, respectively, Ai and Mi are the area and the mass of
the i-th platen (Mi includes a part of the load cell itself),
respectively, an,i and ah,i are the vertical and the horizontal
acceleration of the i-th platen, respectively, and uci;i is the
average water pressure along the inner surface of the i-th
load platens. In Eq. (2), Mi
0 is the ‘effective mass’,
expressed by Mi
0 ¼Mi (rarw)/rw, where ra and rw are
the mass density of aluminium and water, respectively. An
array of accelerometers and miniature pressure cells was
installed in the quay wall model to derive av,i, ah,i and uci;i,while Mi was determined in advance through centrifuge
calibrations. When no horizontal acceleration works, the
water pressure from both sides of the load platens cancel
each other out, and deleting uci;i from Eq. (1) provides the
effective stress, s
0
h;i. The positive directions of stress are
deﬁned in Fig. 4. For simplicity, sh;i and thv;i shall be
expressed as sh and thv, respectively, and sh at the interface
shall be referred to as ‘‘earth pressure’’.
2.4. Ground models and test procedures
The typical ground models used in the centrifuge tests are
illustrated in Figs. 7 and 8, with the test cases summarised in
S. Nishimura et al. / Soils and Foundations 52 (2012) 81–9886Table 1. A photograph of the Case A-IF2-2 model is shown
in Photo 1 as an example. This paper reports the data from a
compilation of three series, sorted according to waterFig. 8. Vertical and plan views of ground models: Series B and C
(Prototype scale in (m): stabilised lattice had 1 m thickness, embracing
4 m 4 m and 4 m 2 m sand blocks).
Table 1
Summary of test conditions.
Series Case Backﬁll soil Quay wall properties Relat
of sa
Unit weight
(kN/m3)
Interface friction anglea (deg)
With
sand
With
crushed
rock
A NI-1 Crushed rock
and sand,
saturated
21.4 NA 26 91.8
NI-2 95.6
NI-3 50.1c
NI-4 92.3
IF1-1 95.2
IF1-2 99.5
IF2-1 95.2
IF2-2 92.5
IF3 92.1
NBF 91.3
B NI Sand, dry 18.9 24 NA 90.8
IF 90.5
C NI1 Sand, dry 21.6 33 NA 94.5
IH1 96.2
IF1 95.0
NI2 15.5 98.3
IH2 93.0
IF2 94.3
aMeasured in direct shear apparatus for normal stress of 20–200 kPa.
bD: depth of stabilised soil, H: height of quay wall, B: distance between qu
cDensity of the backﬁll. The foundation layer was prepared at Dr¼95.4%.conditions (A against B and C) and quay wall models used
(A and B against C). Although the main focus of the present
study is Series A, the results from the other series (originally
planned and undertaken for slightly different research
motives) are still relevant to the present study and will be
shown brieﬂy. In the following text, all the physical quantities
shall be quoted in the prototype scale according to the 1/50
similitude. Soma sand, which made up the bulk of the
ground, was air-pluviated to achieve a Dr of 90–99%,
except in Case A-NI-3 (see Table 1). Dense initial states
were preferred in this study, because they permit multiple
shaking stages without signiﬁcant changes in density. They
also enable a steady state to be observed without triggeringive density
nd, Dr (%)
Stabilised soil
speciﬁcations
Remarks
D/Hb B/Hb
0 N
0 N Irregular shaking
0 N Saturated with fresh water
0 N Duplicate test of NI-1
1 0.83
1 0.83 Duplicate test of IF1-1
1 0.17
1 0.17 Duplicate test of IF2-1
1 0
NA NA No sand backﬁll
0 N Same quay wall model
as in Series A1 0.17
0 N Simpliﬁed quay wall model
without load cells, with rougher
surface texture
0.5 0.17
1 0.17
0 N
0.5 0.17
1 0.17
ay wall and stabilised soil.
Photo 1. Model for Case A-IF2-2 (before introducing cellulose solution).
S. Nishimura et al. / Soils and Foundations 52 (2012) 81–98 87liquefaction. The crushed rock was gently compacted by hand
to achieve the dry unit weight of 15.2 kN/m3. The sensors,
including pore water pressure transducers, accelerometers and
earth pressure cells, were deployed on the quay wall and in the
ground. A cellulose solution, with a viscosity of 50 cSt (i.e., 50
times the viscosity of fresh water) was allowed to inﬁltrate the
dry soils after centrifugal acceleration was imposed, ensuring
no signiﬁcant development of capillaries, and hence, good
saturation (Okamura and Kitayama, 2008). The water level
was set marginally higher (by 0.35 m) than the quay wall top
to prevent a temporary rise in the sea water level due to the
quay wall’s seaward displacement during shaking.
The employed container was of a rigid type, and care was
taken to allow as much clearance as possible between the
quay wall and the rigid walls. No deformation reported in
this paper occurred along the mechanism clearly interfering
with the container’s wall. All four interior planes of the
container were lubricated with latex or transparent poly-
urethane sheets. The friction mobilised under this arrange-
ment was conﬁrmed to be negligible by Watanabe (2007).
The stabilised portion of the ground was made of cement-
treated Soma sand #5, precast and cured underwater for
some 28 days, and placed on the foundation layer before
resuming sand pluviation. It had a lattice shape (e.g.,
Namikawa et al., 2007), embracing pluviated, uncemented
sand within it. Deﬁning B as the horizontal distance between
the quay wall and the stabilised soil, and H as the height of
the quay wall, it was placed at varying B/H values, as shown
in Fig. 7. The unconﬁned compressive strength of the
cemented sand after 28 days of curing was approximately
4.6 MPa. Failure did not occur, even partially, within the
cemented sand during the shaking stages, and it was also
conﬁrmed from the accelerometer records that the uncemen-
ted sand inside moved exactly in phase with the cemented
lattice. In this paper, therefore, the stabilised portion shall be
regarded as a rigid whole. In test series B and C, the lattice
was made of PVC, with sand particles glued to the surface, to
adjust the unit weight to be consistent with the surrounding9
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B/H¼0.17), f0ave¼461 (Coulomb’s and Rankine’s theories for B/H¼N), inte
(stabilised soil-crushed rock) were input to analysis. (a) Before shaking, (b)
shaking step (approx. 300–350 Gal at base).dry sand. The PVC lattice was stiff and strong enough to be a
substitute for the cement-treated sand.
After the centrifugal acceleration of 50 G was applied to
the ground model, horizontal shaking was applied by an
in-ﬂight shaker underlying the model container. Each
shaking step consisted of 50 cycles of sinusoidal waves at
a frequency of 2 Hz. The natural frequency of the entire
model was estimated to be around 3 Hz from a non-linear
dynamic ﬁnite element analysis. The shaking was started
with a step of small amplitude (10–20 Gal) and involved a
total of 9–10 steps with increasing amplitudes, typically
reaching 300–350 Gal by the last step. Some duplicate
cases were run to ensure repeatability (see Table 1).3. Non-dynamic earth pressure characteristics
Upon application of centrifuge acceleration, seaward
tilting of the quay wall was observed, with the ratio of the
horizontal displacement at the quay wall top to the quay
wall height of some 0.005 in all the cases. This movement
ratio is conventionally considered large enough to bring
the backﬁll to an active state (e.g., Frydman and Keissar
1987; Toyosawa et al., 2006). This process of increasing the
acceleration corresponds to increasing stress levels, and
hence, is analogous to backﬁll placement in the prototype
work, if not identical in terms of loading sequences.
Although, in reality, soil stabilisation is performed after
this stage, the model response is still broadly representative
of static-to-active transient states that could occur after
stabilisation work.3.1. Crushed rock backfill cases (Series A)
The earth pressure observed at three different stages in
test series A is shown in Fig. 9. It is helpful to interpret the
observed non-dynamic earth pressure in light of earth
pressure theories. The theoretical predictions based onKa Lower bound
for B/H = 0.17
K = 1-sin46
°
Rankine,
Ka = 0.16
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after second shaking step (approx. 40–80 Gal at base) and (c) after ﬁnal
S. Nishimura et al. / Soils and Foundations 52 (2012) 81–9888Coulomb’s theory, assuming a linear pressure distribution,
and Rankine’s theory, assuming no interface friction,
represent Cases A-NI and A-IF1 (B/HZ 0.83). The input
value for f0 was determined as f0ave¼ tan1[(tan f0s and
þ tan f0crushed_rock)/2], as both the sand and the crushed
rock were involved in the mechanism. For the cases in
which the stabilised soil existed close to the quay wall
(A-IF2: B/H¼0.17), the kinematic analysis method pro-
posed by Nishimura (submitted; see Appendix) was used to
derive a corresponding active pressure prediction. This
method provides a theoretical lower bound (LB) to the
true Mohr–Coulomb plasticity solution, considering the
friction from the two walls. The lower bounds, thus found,
have been shown (Nishimura, submitted) to be fairly close
to the upper bounds, and hence, to the true solutions.
The earth pressure measured in Case A-IF2, before any
shaking, was smaller than that in Cases A-NI and A-IF1,
particularly at deeper locations, matching the predicted
active LB well, and hence, suggesting an active state.
However, the earth pressure records in Cases A-NI and
A-IF1 lie between Coulomb’s active pressure and Jaky’s
static pressure (i.e., 1sin fave0). Despite the movement
ratio of 0.005 and the conventional criterion cited above,
the large grain sizes might have prevented the crushed rock
from reaching an active state, as the more ductile stress–
strain relationships shown in Fig. 2 suggest. In Case
A-IF2, however, the active pressure was probably reachedFig. 10. Schematic illustration of different arching mechanisms. (a) Friction a
in crushed rock (without stabilised soil) and (d) grain arching in crushed rock
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40–80 Gal at base) and (c) after ﬁnal shaking step (approx. 300–350 Gal at bbecause a similar magnitude of quay wall displacement
means larger horizontal strain for narrower backﬁll, which
in turn means that the stress state approaches more to the
active limit state.
The agreement between the record and the prediction
before shaking, in Case A-IF2, indicates that the narrowly
conﬁned backﬁll was subject to what is generally referred
to as the ‘‘arching effect’’, as the analysis envisages.
Namely, the friction between the backﬁll and the two rigid
walls partially suspends the backﬁll, reducing the vertical
stress, and hence, the horizontal stress, as illustrated in
Fig. 10(a) (e.g., Janssen, 1895; Aubertin et al., 2003). Such
upward friction forces were actually recorded along the
back of the quay wall, as shown in Fig. 11(a).
As the systems were subjected to relatively small magni-
tudes of shaking, the interface friction was quickly lost
(Fig. 11(b)). This state is no longer necessarily active, as
loading reversals were experienced, and without the fric-
tion arching, earth pressure increased in all the cases.
However, the increase is pronounced in the cases with
larger B/H values (Cases NI and IF1), resulting in top-
heavy, unstable pressure distributions, while the changes in
the cases with smaller B/H values (Case IF2) were
relatively small (Fig. 9(b)). This development continues
as shaking with larger magnitudes is applied to the system
(Fig. 9(c)). The similarity in the results between Cases NI
and IF1 suggests that the stabilised soil plays a negligiblerching, (b) grain arching in sand (without stabilised soil), (c) grain arching
(with stabilised soil).
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the top load cell in Case IF2 in Fig. 9(c) is due partly to the
backﬁll settlement caused by the opening between the quay
wall and the stabilised soil, partially exposing the load
platen. In this series, the duplicate tests indicated that the
observed trends were well repeatable.
3.2. Sand backfill cases (Series B)
The results from the dry sand test series (Series B) are
presented in a similar way in Fig. 12. In Case B-IF, the
interface friction forces (Fig. 12(c)) again reduced the
initial, pre-shaking earth pressure at deeper locations.
The result matches the LB prediction fairly, pointing to
an active state inﬂuenced by friction arching. The earth
pressure in Case B-NI was broadly compatible with the
linear distributions expected from Coulomb’s and Ran-
kine’s theories, also suggesting an active state. As in the
cases with the crushed rock backﬁll (Series A), the shear
force along the quay wall back was largely lost after the
shaking. Unlike in Series A, Cases B-NI and B-IF
exhibited similar pressure distributions after the shaking.
These results are in fact consistent with limit state theories;
whether at an active or a static state, the same earth
pressure is expected for different B/H values if the wall
friction is zero (Nishimura, submitted).
The non-dynamic earth pressure characteristics of sand can
thus be broadly interpreted by the plasticity theory of a
continuum for different B/H values. The exception is the
reduced pressure at the heel of the quay wall, as seen in
Fig. 12(b). This reduction is considered to derive from ‘grain
arching’, which shelters the heel from the backﬁll pressure
(Toyosawa et al., 2006), as illustrated in Fig. 10(b).
The concept of grain arching explains the pressure distribu-
tions observed after the shaking in Series A (Fig. 9(b) and (c)).
The larger grains of crushed rock in Series A may have had a
characteristic arch radius signiﬁcantly larger than that in the
Soma sand, pushing up the depth of the maximum pressure in
Cases A-NI and A-IF1 (Fig. 10(c)). With the stabilising soilexisting in Case A-IF2, the formation of a large arch in the
crushed rock may have been prevented, as illustrated in
Fig. 10(d). The effect was small in the sand whose character-
istic arching radius was inherently small. Hypothetical as the
imagined mechanisms may be, a comparison of the results
from Series A and B at least indicates the signiﬁcance of grain
sizes when part of the backﬁll is left unstabilised as a narrow
strip. However, at the non-dynamic active limit states,
represented by Figs. 9(a) and 12(a), the pressure-reducing
effect of the smaller B/H conﬁguration appeared similar for
both geomaterials.
4. Dynamic stability of quay wall: displacement and rotation
The cumulative displacement and inclination of the quay
wall observed between the shaking stages are shown in Fig. 13
for Series B and C and in Fig. 14 for Series A. Inter-case
comparisons are better made in terms of displacement
increments for each shaking step (Figs. 13(d) and 14(d)), as
the base acceleration could not be set exactly the same for all
the cases, and the cumulative displacement curves are subject
to distortion for this reason. In Series B and C (the tests with
dry sand), the displacement, and the inclination to some
degree, were curbed by the backﬁll stabilisation, with its effect
more pronounced in the test cases with the lighter quay wall
(C-NI2, C-IH2 and C-IF2). With the heavier quay wall, more
signiﬁcant ‘digging’, or a local soil failure at the wall toe,
resulted in a larger inclination (Fig. 13(c)), and the inﬂuence
of the backﬁll conditions appears less signiﬁcant when the
stability is judged by the wall top displacement. While the
quay wall with a smoother surface texture (Series B) exhibited
large displacements at smaller magnitudes of input accelera-
tion, a modest degree of stabilisation effect is seen.
In the cases with saturated crushed rock (Series A), a
different picture was obtained in which backﬁll stabilisation
could have an adverse inﬂuence on the quay wall’s movement,
with its effect depending on the proximity of the stabilised soil
to the wall. As shown in Fig. 14(d), stabilising the backﬁll,
while leaving all or part of the crushed rock ﬁll (Cases A-IF1
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S. Nishimura et al. / Soils and Foundations 52 (2012) 81–9890and A-IF2), resulted in greater quay wall movement against
larger acceleration inputs, in contrast to the results from Series
B and C. Duplicate test pairs (A-NI1 and A-NI4, A-IF1-1 and
A-IF1-2 and A-IF2-1 and A-IF2-2) conﬁrmed these perhaps
counter-intuitive results, occurring only in the saturated test
series (Series A). The backﬁll properties and the soil–water
interactions, which were different or missing in the dry sand
series, are considered to play a role in the observed effects.
Installing the stabilised soil in direct contact with the
quay wall signiﬁcantly reduced the wall’s displacement
(Case A-IF3). Against 50 cycles of shaking at 313 Gal,
Case A-IF3 exhibited displacement of only 0.046 m at the
quay wall top; this is approximately 30% of the corre-
sponding response in Cases NI. Interestingly, removing an
upper part of the sand backﬁll (Case A-NBF) did not
cause any substantial effect in reducing the displacement.
5. Dynamic earth pressure characteristics
5.1. Phases in earth pressure variations
The densely prepared sand and crushed rock in the tests
resulted in almost no inter-cycle accumulation of excesspore water pressure, and hence, steady displacement rates,
as shown in Fig. 15. Representative time-histories of
acceleration and earth pressure, recorded in Series B, are
shown in Fig. 16. For Series A, corresponding records are
shown in Fig. 17 with the shear stress along the quay wall
back and dynamic water pressure (i.e., deviation from the
hydrostatic pressure) on the quay wall front. As the
acceleration is deﬁned as positive onshore (see Fig. 6), this
positive acceleration indicates that the quay wall is in the
phase of seaward displacement. The earth pressure took
the minimum value in this phase, with negative shear stress
(working downwards on the quay wall; see Fig. 4). This
behaviour has been observed in the past in 1-G model tests
(e.g., Kazama and Inatomi, 1990; Kohama et al., 1998) for
typical quay wall systems. It is conﬁrmed here that this
conventional observation also applies to the backﬁll
materials and stabilisation patterns in the present study,
with the earth pressure (and the dynamic water pressure in
Series A) almost perfectly in phase with the acceleration at
the quay wall top in all the test cases. While this paper
focuses on shaking at 2 Hz, similar behaviour was
observed in Case A-NI-2 for irregular shaking with the
dominant frequency around 1 Hz, as shown in Fig. 18.
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Kazama and Inatomi (1990) interpreted the intra-cycle
earth pressure variations as reciprocal transitions between
the active (at Point A in Figs. 16–18) and the passive (at
Point P in Figs. 16–18) states. Following this interpreta-
tion, snapshots of the earth pressure and the shear stress
proﬁle at the acceleration peaks, taken from different
shaking steps, are compared for Cases B-NI and B-IF in
Fig. 19. The earth pressure is described as ‘active’ and
‘passive’ for convenience, although they may not necessa-
rily correspond to the true limit states that would appear
after sufﬁcient displacement. Also shown in Fig. 19 are
lower bound theoretical curves for pseudo-static active
pressure, calculated with relevant values of the seismic
coefﬁcient, kh, deﬁned at each moment as the ratio of the
horizontal acceleration at the quay wall top to the vertical
acceleration of gravity. The calculation procedure is illu-
strated by Nishimura (submitted) and it is convergent to
Mononobe–Okabe’s method when B/H is sufﬁciently
large, as in Case B-NI (see Appendix).
At the ‘active’ states, the presence of the stabilised soil
reduced the earth pressure to approximately half the level of
the non-stabilised case. In both cases, however, the activepressure was insensitive to the acceleration magnitude.
Nakamura (2006) observed the same nature of the active
pressure on a more slender retaining wall. While the calcula-
tion reproduced this characteristic well for Case B-IF, it
grossly overestimated the active pressure at the larger kh in
Case B-NI. The conventional Mononobe–Okabe method has
been known to overestimate active pressure for high kh values
partly because it calculates an unrealistically large failure
wedge (Koseki et al., 1998). By nature of the geometry, such
an imaginary, unfettered expansion of the mechanism was
checked in the Case B-IF prediction (see Fig. A1(a)). This
might have contributed to the observed agreement between
the experimental and the calculated results.
At the ‘passive’ states, larger earth pressure was asso-
ciated with larger kh values, unlike at the active states. The
geometry in Case B-IF made formation of a passive failure
mechanism very difﬁcult, and the quay wall restoring
onshore was met by greater earth pressure. The greater
value of kh, observed in this case, may be better under-
stood as a consequence of the larger passive pressure
rather than as a cause of it. The overall impression is that
the conﬁned ﬁll functioned as a stiffer ‘spring’ acting
between the quay wall and a rigid mass, at both the active
and the passive states.
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crushed rock
The pressure and stress proﬁles from selected cases in
Series A are shown in Fig. 20, along with predictions byWestergaard’s (1933) equation of the water pressure
applied to the quay wall front:
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depth and Hqw is the height of the quay wall. For the value
of kh, the acceleration recorded at points A and P on the
quay wall top (Fig. 17) was used. The recorded water
pressure along the quay wall front ﬁts the prediction
reasonably well in many cases, with the minimum and
maximum values observed at the active and passive phases,
respectively.
For the pore water pressure in the crushed rock backﬁll,
two extreme scenarios can be envisaged. The ﬁrst is one in
which the pore water is not subject to any interaction with
the soil skeleton, and therefore, exhibits similar pressure
characteristics as the wall-front dynamic water pressure,
but in the opposite phase, registering the minimum and
maximum values observed at the passive and active phases,
respectively. The second is one in which the pore water
moves perfectly in phase with the backﬁll and the quay
wall. The latter assumption is also conventionally asso-
ciated with the minimum and the maximum water pressure
observed at the passive and the active phases, respectively
(e.g., PIANC, 2001; OCDI, 2009). However, the observedpore water pressure indicates the opposite in all the test
cases; at the active states, where the inertia force works on
the ﬁll in the direction of the quay wall, the pore water
pressure registered minimum values. This reduction in the
pore water pressure caused the total active earth pressure
to be even smaller than the hydrostatic pressure in many
cases. This deviation from either of the above scenarios
points to a role played by the interaction between the pore
water and the deforming soil skeleton. A similar reduction
in pore water pressure at the active phases was observed by
Lee (2005) in his centrifuge tests on quay walls, noting its
especially pronounced effect at deeper locations. The
lateral extension of the backﬁll (absent in classical, rigid
mass-based theories) caused by the active, seaward move-
ment of the quay wall causes a decrease in pore water
pressure through a lateral total stress relief, and potentially
negative dilatancy. Such a stress relief needs the response
mainly of a decrease in pore water pressure under (par-
tially) undrained conditions.
It should be remembered that the crushed rock used in
this test programme is meant to reproduce only a grain
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and its permeability may not be large enough to represent
the prototype-sized stone backﬁll. When the ﬂuid viscosity
is adjusted according to the scale ratio, as in this study, the
similitude law in the centrifuge testing requires the perme-
ability of a model soil to be equal to a prototype material
in order to reproduce the dissipation processes. It is
possible, therefore, that the undrained conditions were
too strictly imposed and that the variation in pore water
pressure observed in the present tests may have been
exaggerated. The results of Case A-NI-3, which was
conducted with fresh water (i.e., equivalent to makingthe backﬁll 50 times more permeable), indeed exhibited a
smaller magnitude of intra-cycle pore water pressure
changes, as seen by comparing Fig. 20(a) and (d). Still,
the earlier observation whereby the pore water pressure
registers a minimum value at the active state is qualita-
tively valid.
The presence of stabilised backﬁll close to the quay wall
in Case A-IF2 (Figs. 17 and 20(c)) led to smaller active
earth pressure. The very small active earth pressure,
particularly at deeper locations, is mainly a result of
the drastic reduction in pore water pressure, probably
assisted by the friction arching that was observed in the
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face friction (Fig. 17). Case A-IF2’s acceleration history
(Fig. 17) shows that the quay wall’s oscillation is lagging
behind the stabilised soil’s oscillation, indicating that the
narrow uncemented ﬁll in between is subjected to lateral
expansion and stress relief during the active phase. For the
passive pressure, the difference between Cases A-NI4 and
A-IF2 is not as pronounced as in the dry test cases,
indicating only marginally larger total pressure for Case
A-IF2. In Case A-IF1, no signiﬁcant difference in the
active pressure from the control case A-NI4 was observed,
despite the difference in the quay wall displacement seen
between the two cases (Fig. 14(d)).
5.4. Implications of test results to describe dynamic quay
wall–backfill interactions
Simple pseudo-static approaches to assessing the stabi-
lity of a retaining structure are typically based on the
unilateral working of earth pressure and precludereciprocal feedbacks between a structure’s motion and
earth pressure. The use of these approaches has been
justiﬁed for the reason that they still offer a basis for
linking greater instability to larger horizontal acceleration
via larger active earth pressure. Combined with New-
mark’s method, for example, Nakajima et al. (2009)
reported the successful application of a pseudo-static
method for predicting permanent movements of a retain-
ing wall and a dry sand ground during earthquakes. Such
an approach may also be applicable to the dry sand cases
reported in this paper, in which the smaller quay wall
displacement due to the presence of the rigid backﬁll in its
proximity was associated with smaller active earth
pressure.
However, the same logic does not seem to apply if the same
problem is set underwater. In such cases, the larger quay wall
displacement was apparently linked to the smaller active total
earth pressure seen in the stabilised backﬁll cases. The
mechanisms through which the active pressure from a con-
ﬁned ﬁll is reduced seem different between the dry and the
S. Nishimura et al. / Soils and Foundations 52 (2012) 81–9896underwater cases. For the former, friction arching is likely to
be the main cause, while for the latter, it is a result of changes
in pore water pressure, which themselves are a result of the
system’s motion and deformation. A dynamic soil–structure
interaction means that the earth pressure is as much a result of
the quay wall movement as a cause of it and cannot solely be
used as an index for predicting the structure’s integrity. The
underwater cases demonstrate this point.6. Ground deformation and implications to ground
improvement
The ground settlement observed after all the shaking stages
in test series A is shown in Fig. 21. In Cases A-IF1 and A-IF2,
the seaward movement of the quay wall was accompanied by
the large settlement of the backﬁll between the quay wall and
the stabilised soil. The horizontal movement of the stabilised0 5 10 15 20 25
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Fig. 21. Ground settlement of backﬁll after all shaking stages in test
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Fig. 22. Horizontal displacement of backﬁll at ground surface after all
shaking stages in test series A.soil, shown in Fig. 22, was small in relation to that of the quay
wall. The settlement of the stabilised soil itself and the ground
further behind were also small. In these cases, the ground
behind was ‘isolated’ from the quay wall movement by the
presence of the stabilised soil, suffering minimal deformation.
In the case where the quay wall was in direct contact with the
stabilised soil (A-IF3), these rigid bodies moved as though
they had been a single mass, or a ‘widened’ quay wall. This is
also indicated by the acceleration records in Fig. 17(d)
exhibiting synchronised vibrations of the two bodies, although
there was no physical bonding between them. While this
stabilisation pattern helped to reduce the quay wall move-
ment, the ground behind was subject to moderate settlement.
The above trade-off could have been avoided if the width of
the stabilised soil had been allowed to be larger.
Finally, it is important to remember that the cases
considered in the present study involved relatively sound
foundation stratum upon which the quay wall and the
stabilised soil rested. This arrangement precludes signiﬁcant
vertical movement and the inclination of these rigid bodies.
Iai et al. (1998) demonstrated analytically that, even with
dense, stable backﬁll, the presence of a soft foundation
stratum resulted in signiﬁcant quay wall movement. The
results of the present study should be interpreted in this light.
7. Conclusions
Centrifuge model tests were performed to investigate the
characteristics of dynamic and non-dynamic interactions
between a gravity-type quay wall and backﬁll consisting of
ﬁne or coarse geomaterials and rigidly stabilised soil. An issue
of particular interest was how uncemented ﬁll, left behind the
quay wall, affects the overall integrity of the system. The
elaborately designed quay wall model with two-way load cells
was shown to be capable of measuring the earth pressure
from both sand and crushed rock used in the tests, keeping
the non-linearity and the hysteresis within tolerable levels.
At non-dynamic active states, when the friction along
the quay wall back was fully mobilised, the earth pressure
was smaller from a narrowly conﬁned ﬁll than from a fully
extending one. The perfect plasticity theory, considering
wall frictions, explained the results well. At transient states
that appeared after shaking, the inﬂuence of grain size
appeared in the distribution of earth pressure. For the
coarse ﬁll, the presence of the stabilised soil kept the earth
pressure small at all the observed states.
During shaking, the existence of stabilised soil in the
proximity of the quay wall resulted in reduced active
pressure in both the dry sand and the underwater cases.
In the dry cases, the reduction in active earth pressure
seemed to derive mainly from the friction arching effect. In
the underwater cases, a more dominant role in reducing
the active pressure was played by the variation in pore
water pressure due to both the water’s dynamic motion
and the interactions with the soil skeleton.
Installing stabilised soil a short distance from the quay
wall caused two ostensibly opposite effects on the quay
Fig. A1. Kinematics assumed in limit analysis. (a) Mechanisms and hodograph and (b) equivalent problem: trapezoids in equilibrium.
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cases, despite the reduced active pressure in both cases. In
the underwater cases, the above conﬁguration led to
increased permanent displacement, unless the stabilised
soil was installed in direct contact with the quay wall.
These results could not be explained by considering the
active pressure simply as a destabilising agent rather than
as a result of the soil-structure interactions.
Stabilising the backﬁll also caused notable changes in
the ground deformation patterns. The stabilised soil, when
placed some distance away from the quay wall, isolated the
movement of the ground further behind from that of the
quay wall. However, treating the backﬁll to the very back
of the quay wall seems necessary in order to reduce both
the wall movement and the ground settlement behind.Appendix
The kinematic approach of a limit analysis, conventionally
known as an upper-bound analysis, provides lower bounds
when active problems such as active earth pressure problems
are considered. The kinematics assumed in the adopted
method is illustrated in Fig. A1(a), along with a corresponding
hodograph. Nishimura (submitted) demonstrated that the
limit equilibrium of the inﬁnitesimally thin trapezoidal layers,
illustrated in Fig. A1(b,) yields distributed pressure, which is a
sufﬁcient, but not necessary, candidate for constituting the
lower bound ‘forces’ obtained by solving the problem set in
Fig. A1(b). The actual computation may be performed by
considering the ﬁnite layers and by obtaining the pressure on
both walls, executing downwards from the top. It is obvious in
the instance shown in Fig. A1(b) that, down to Nodes 9 in this
example, Coulomb’s active earth pressure is obtained by this
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